This study developed highly porous degradable composites as potential scaffolds for bone tissue engineering. These scaffolds consisted of poly-D,L-lactic acid filled with 2 and 15 vol.% of 45S5 Bioglass® particles and were produced via thermally induced solid-liquid phase separation and subsequent solvent sublimation. The scaffolds had a bimodal and anisotropic pore structure, with tubular macro-pores of ~100 µm in diameter, and with interconnected micro-pores of ~10-50 µm in diameter. Quasi-static and thermal dynamic mechanical analysis carried out in compression along with thermogravimetric analysis was used to investigate the effect of Bioglass® on the properties of the foams. Quasi-static compression testing demonstrated mechanical anisotropy concomitant with the direction of the macro-pores. An analytical modelling approach was applied, which demonstrated that the presence of Bioglass® did not significantly alter the porous architecture of these foams and reflected the mechanical anisotropy which was congruent with the scanning electron microscopy investigation. This study found that the Ishai-Cohen and Gibson-Ashby models can be combined to predict the compressive modulus of the composite foams. The modulus and density of these complex foams are related by a power-law function with an exponent between 2 and 3.
Introduction
The field of tissue engineering has in the last decade offered a new option to supplement existing treatment regimens for the regeneration of bone [1] . One approach has been the implantation of osteoblasts onto threedimensional (3-D) scaffolds that act as physical supports for these bone cells. However, the structure and properties of 3-D scaffolds are critical in their in vivo performance and there are a number of general key requirements for successful development of scaffolds [2] . The biocompatibility and bioactivity of tissue engineering scaffolds influence the important initial steps related to cell attachment, prior to cell proliferation and differentiation. Ideally, the scaffolds should be porous and the porosity should be both macroscopic for cell growth and migration, as well as microscopic to allow the transport of nutrients and oxygen, as well as the removal of cellular waste products [3] . The scaffolds should also be degradable, thus allowing for eventual tissue in-growth. Furthermore, they should be easily fabricated into 3-D complex shapes in a reproducible and controllable manner. Moreover, the scaffolds should have appropriate and controllable mechanical properties, e.g. elastic constants and compressive strength, thus providing temporary support for cells to enable tissue regeneration [2] [3] [4] [5] .
One group of materials being considered as scaffolds for bone tissue engineering are porous degradable polylactide, polyglycolide or their co-polymers [6, 7] with additions of inorganic particles or fibres, such as bioactive glass [8] [9] [10] and hydroxy apatite (HA) [11] , to impart bioactivity, control degradation kinetics and enhance the mechanical properties. A system currently being developed is based on poly(D,L-lactide) (PDLLA)/Bio-glass®-filled composite foams produced by thermally induced phase separation (TIPS) [12] . Processing of materials using the TIPS method enables the production of foams which exhibit pore anisotropy, which may be controlled to enable the fabrication of scaffolds with tailored porosity appropriate to the tissue concerned [2, 13] . Recently, the efficacy of these PDLLA/Bioglass®-filled composites as bone tissue engineering scaffolds has been shown, supporting the migration, adhesion, spreading and viability of MG-63 cells (human osteosarcoma cell line) [14] . Moreover their potential in both bone and lung tissue engineering has been quantitatively demonstrated, using optimal concentrations of 45S5 Bioglass® added to the PDLLA matrix resulting in enhanced cell adhesion and growth in vitro [15] .
To date, however, there has been very limited research on understanding the static and dynamic mechanical behaviour of such relatively complex composite foams. In this study, the composites' mechanical response to static and dynamic compression with different volume percentages of Bioglass® particle addition was assessed in the direction of the tubular macro-pores and compared to loading in the transverse direction.
Experimental

Materials
Purasorb® PDLLA with a density of 1.26 g cm -3 and an inherent viscosity of 1.62 dl/g was obtained from Purac biochem (Goerinchem, The Netherlands) and used without further purification. Dimethylcarbonate (DMC, of >99% purity) was purchased from Sigma Aldrich and used as solvent. Melt-derived 45S5 Bioglass® particles were incorporated as the bioactive phase in the composites. The chemical composition of the glass (in percentage of weight) was as follows: SiO 2 , 45; CaO, 24.5; P 2 O 5 , 6; NaO 2 , 24.5. The particle size distribution, specific surface area, porosity and morphological features of this glass have been characterised previously [16] , with a finding that the particle size varied between ≈5 and 20 µm with a mean particle size of 4 µm, the density is 2.825 g c -3 and surface area is 2.7 m 2 g -1 . The morphology of the 45S5 Bioglass® particles is non-spherical, irregular and angular, as shown in Fig. 1 . 
Foam fabrication
PDLLA and PDLLA/Bioglass®-filled composite foams were prepared by TIPS and subsequent solvent sublimation, which has been described in detail elsewhere [12, 13] . Monolithic foams were produced with dimensions of 90 mm diameter and varying in thickness 7-10 mm due to the shape of the vessel base used in fabrication. The following foam systems were investigated: pure PDLLA and composite foams filled with two different amounts of Bioglass® particles, nominally referred to as 2vol.% and 15 vol.% foams. These compositions were chosen based on previous studies conducted on similar composite systems [12, 14] . The weight and volume percentages of the Bioglass® phase are given in Table 1 .
Methods of analysis
Scanning electron microscopy
Scanning electron microscopy (SEM) was used to investigate the anisotropy and homogeneity of the foam microstructure and to assess the porous architecture in different regions within the structure. Foam sections were cut using Wilkinson Sword® razor blades, via continuous downwards slicing to avoid compression damage. Samples were gold coated for 120 s under a current of 20 mA before examination under an accelerating voltage of 20 kV using a JEOL 5610LV SEM (JEOL, USA). 
Thermal and mechanical analysis
2.4.1. Thermogravimetric analysis Thermogravimetric analyses (TGA) were performed on the composite constituents PDLLA and 45S5 Bioglass® as well as on composite foams using a Stanton Redcroft STA-780 Series Thermal Analyzer. At least three samples for each composite material were analysed and the results averaged to determine the thermal and degradation profiles and residual mass. Scans were performed in an air atmosphere with a temperature range of 35-550 °C at a rate of 20 °C min -1 . Measurements were taken using a sample mass of 4 ± 0.5 mg for the foams and 10 mg for the Bioglass® powder.
Quasi-static compressive mechanical analysis
Mechanical compression tests were performed to determine the mechanical properties of the TIPS produced foams. The static stress scan mode of analysis of a Pyris run DMA7e (Perkin-Elmer Instruments, USA) was used. Specimens were cut from the most homogeneous region of the foam to form cubes measuring 5x5x5 mm 3 . Compression tests were performed axially and transversely, with respect to the direction of the tubular macro-pores using the parallel plate setup. Specimens were tested from 2 kPa to 300 kPa at a rate of 20 kPa min -1 . The stress and modulus response to strain were recorded. At least five samples of each composition were measured and the results averaged. The modulus (taken at the maximum modulus before the onset of yield point), yield stress (defined as the end of the linear deformation region) and the corresponding strain at yield was also recorded.
Dynamic mechanical analysis
Dynamic mechanical analysis (DMA) was carried out on cubic samples (measuring 5x5x5 mm 3 ) obtaine from the homogeneous region of each of the three foam systems. Five repeat specimens were tested in compression under the stress control mode, where a static stress of 30 kPa was initially applied followed by a dynamic stress of 24 kPa. A temperature scan from 25 to 75 °C at a heating rate of 4 °C min -1 was applied. Nitrogen was used as purge. The viscoelastic parameters of storage modulus (E'), loss modulus (E") and mechanical loss tangent (tan δ) were recorded as a function of temperature.
Results and discussion
Characterisation of foam pore structure
Low magnification SEM observations confirmed that no damage was introduced to the foam structures by the chosen cutting technique, using razor blades, confirming previous results [14] . Fig. 2 shows scanning electron micrographs of cross-sections of top, bottom and a stepped side view of the foams produced through TIPS. In general there were four distinct regions observed through the thickness of the foams and these are labelled as regions 1-4. The top of the foam (Region 1) consisted of a skin region of up to 10 µm thickness, which was porous but noticeably denser than the underlying regions. Underneath the top skin layer the foam was more ordered, where the pore anisotropy became apparent (Region 2). This region was less homogeneous than the majority of the foam and was typically 1.5-2.5 mm in thickness. Region 3 within the foams exhibited highly ordered pore architecture, composed of continuous tubular macro-pores of ~100 µm diameter ordered in parallel, and interconnected by micro-pores of ~10-50 µm diameter. This region was typically 5-7 mm in thickness and constituted the majority of the volume of the foam. These homogeneous regions are shown in Fig. 3 for the pure PDLLA (a) and the PDLLA/ Bioglass® composite foams with Bioglass® inclusion contents of 2 vol.% (b) and 15 vol.% (c), and represent the foam microstructure tested for mechanical properties. The variation in depth of the homogeneous region was due to the shape of the vessel base (slightly convex) used during fabrication. The fourth distinct region was a dense layer on the bottom of the foam, which is analogous to a ladder-like structure that was approximately 30 µm thick (Region 4, in Fig. 2 ). This region was caused on rapid freezing of the polymer solution; the pore structure was caused by the preferential cooling direction. It is likely that the foam became less ordered with increasing thickness due to effective insulation as the foam cooled down during solvent sublimation. The quality of the foam structure was also determined by the efficiency of the vacuum and solvent collection system, i.e. how often the solvent trap was changed. It has previously been shown that by increasing the polymer to solvent ratio the porous architecture can be controlled, thereby reducing the number of tubular macro-pores and the total porosity [17] . Indeed foams of more isotropic pore structure may be created using the TIPS technique. However in some instances both anisotropic pore architecture and mechanical properties may be beneficial for applications where the structure needs to be made more crush resistant in places, for example in scaffolds of tubular shape for intestinal tissue engineering where collapse of the structure had been observed in vivo [18] . Additionally, by incorporating stiff inorganic glassy or ceramic phases the mechanical properties of the constructs can be tuned; this effect should be more pronounced with more highly anisotropic pore architectures and with scaffolds of lower porosities. The apparent density and porosity of the foams are given in Table 1 . Mercury porosimetry was not applied in this investigation to probe the porous structure as this technique is a destructive method for fragile polymer scaffolds, which are prone to simultaneous intrusion and shrinkage under the high pressure of mercury intrusion (up to 2000 bars), as observed in a previous study [17] . The calculated theoretical porosity demonstrated that all the foams exhibited high percentage of porosity (>93%). The addition of 15 vol.% Bioglass® tended to reduce the porosity by ~1% when compared to that of 100% PDLLA and of 2 vol.% PDLLA/Bioglass® foams. This is consistent with previous work where the porosity was also shown to decrease with increasing filler content (up to 40 wt.% Bioglass®) [12] . However, it has been reported that at high filler loadings the pore shapes become increasingly rugose, thereby resulting in a moderately less well-ordered structure [2, 12] . 
Thermal and mechanical characterisations
TGA was conducted on the foamed PDLLA, on Bioglass® particles and on the two PDLLA/Bioglass® composite foams. TGA profiles for these materials are shown in Fig. 4 . PDLLA foam exhibited no significant change in mass above 425 °C and therefore this temperature was chosen to record the residual mass for all foam systems. It was also shown that below this temperature there are no significant thermal events occurring in the glass, as confirmed in the literature on the thermal treatment of the same Bioglass® [19] . TGA tests conducted on three samples of the composite foams demonstrated that there was slight variability in the amount of Bioglass® present throughout the material, as given in Table 1 . Such variation may have been due to partial sedimentation of the Bioglass® particles during foam fabrication. Fig. 5(a) and (b) shows the compressive stress-strain response of the foams in axial and transverse directions, relative to the tubular macro-pore orientation, respectively. Cubic specimens were cut from the most homogeneous and representative regions of the foams for mechanical analysis, thereby reducing the effect of through-thickness variation in pore architecture. As can be observed, testing in both directions demonstrated mechanical anisotropy in the foams. In the axial direction the compressive stress-strain response agreed well with characteristic behaviours reported in the literature for foam systems [20, 21] . This behaviour consisted of three distinct regions: an initial Hookean region in which stress increased in proportion to strain due to compression of the cell elements, a plateau region representing plastic collapse and buckling of the cell elements, and a final region where the stress increased rapidly with strain due to effective densification of the foam structure. Accordingly, the materials showed an increase in modulus in response to strain, which peaked at a certain value and then decreased prior to subsequent strain increase. The plastic collapse region was reduced with increasing Bioglass® content, as shown in Fig. 5(a) . The transverse mechanical response to compression shown in Fig. 5 (b) displayed a markedly different response to that of the axial response. There appeared to be no obvious micro-failure response due to buckling of the tubular macro-pores, indeed the behaviour of all foams was dominated by the effect of densification of the foams. Table 2 summarises the data for the axial compression modulus, yield stress, strain at yield point and the transverse modulus for all the materials. The axial modulus was determined at the maximum modulus, as the stress-strain response varied slightly from sample to sample, due to variation within the foam monolith and the accuracy in cutting the cubic samples. Although there was an increase in the compressive modulus when comparing the value for the foams with the highest volume percentage of Bioglass®, to that of the PDLLA foams, the results showed no statistical significance differences (p > 0.05). This was likely because the porosity is a dominating factor. It seems, therefore, that the 15 vol.% inclusion of Bioglass® particles may not be enough to induce a significant increase of compressive modulus of the foams, as discussed below. Fig. 6(a) and (b) shows the dynamic mechanical response of the various foams as a function of temperature in terms of storage modulus (E'), loss modulus (E''), and mechanical loss tangent (tan δ), respectively. There was a trend observed towards an increase in the storage modulus with higher volume fractions of Bioglass®. There was no effect of temperature on the parameters up to the onset of softening above 45 °C, which was defined by an immediate apparent increase in E that may have been due to the immediate densification of the foams as a result of the onset of the PDLLA glass transition. As the temperature increased further there was a significant decrease in E' in all the materials, which was accompanied by peaks in E" and tan δ that are associated with the glass transition. The broadening of the peak in tan δ with increasing amounts of Bioglass® is likely to be due to regions of order within the polymer chains in close proximity to the glass particulates. The glass transition temperature (T g ), as defined by the temperature where E" reached a maximum, giving T g values of 56.1 ± 1.2 °C, 55.2 ± 1.4 °C and 56.7 ± 0.8 °C for the PDLLA foams, 2 vol.% and 15 vol.% Bioglass® containing foams, respectively. It can be noted that there was no significant differences (p > 0.05) in T g for the different foam systems. 
Fig. 5. (a) Axial stress and modulus response for the various foams. All were tested in the direction parallel to the tubular macro-pores, (b) Transverse stress and modulus response for the various foams. All were tested in the direction perpendicular to the tubular macro-pores.
Theoretical modelling
The apparent density (ρ) of the scaffolds was determined by using the measured mass and volumes of the foams (Table 1) . Porosity (P) was calculated using Eq. (1): where ρ 0 is the density of the non-porous material. It has been well documented that the compressive modulus of composite materials increases with increasing filler content and decreases with porosity in highly porous foam systems [8, 10, 22] . The Gibson and Ashby model given by Eq. (2) has generally been applied to relate the modulus to the density of foams [21] :
where E and E 0 are the compressive moduli of the foam and non-porous materials respectively. The constants C and n depend on the microstructure of the foam scaffold. The value of n generally lies in the range 1 < n < 4 giving a wide range of values for E/E 0 at a given density [23] . It has been suggested that for closed-cell porous systems n should have a value in the range of 1 < n < 2. In their model, Roberts and Garboczi [23] found that if more than 70% of the cell faces are removed, n should increase to 2, indicating that edge bending becomes the dominant mechanism of deformation.
For an isotropic open-cell porous structure modelled with pores in cubic arrays this exponent is expected to be 2 [21] . The constant C includes all geometric constants of proportionality needed in the derivation of Eq. (2). Previous experimental data confirm that C ≈ 1 for foams with dense struts [21] . Several important factors affect the stiffness-porosity relationship, such as whether the pores are open or closed, their geometrical arrangement, in terms of pore orientation and shape, as well as the thickness of the pore walls, and whether the material is periodic or disordered. However, the dependence of C and n on the microstructure of highly porous materials with more complex pore structures such as the ones investigated in this study is not well understood. The constant C is also dependent on the density of the foam struts.
In this study Eq. (2) was used to investigate the accuracy of the modulus value obtained experimentally for the PDLLA and PDLLA/Bioglass® foams. Firstly, a compressive modulus of non-porous PDLLA (E 0 ) was measured. Samples of dimensions 3x5x6 mm 3 were produced by compression moulding at a temperature of 150 °C and a pressure of 2500 psi maintained until the polymer has cooled to room temperature. Compression tests on five repeat samples were performed to BS EN ISO 640 (1997 BS 2782-3: Method 345A:1993. PlasticsDetermination of compressive properties). The compressive mechanical properties of the PDLLA used in this investigation are summarised in Table 3 . Compression tests revealed that the PDLLA used in this investigation has a compressive modulus (E 0 ) of 1.97 GPa, which is in the range quoted in literature [24] .
Using Eq. (2), modulus values for the PDLLA foams of 7 and 0.4 MPa were obtained when using n values of 2 and 3, respectively, and C = 1, This suggested that the range 2 < n < 3 was appropriate to describe the elastic response of the materials in this investigation, especially given that these materials possess interconnected pores.
The value C = 1 was chosen based on experimental evidence that this value is the most suitable for foams with dense struts, as presented by Gibson and Ashby [21] . Previously, Hou et al. [25] fabricated high porosity PDLLA foams and found the compressive moduli of scaffolds of 97.2% and 97.7% porosity to be 0.30 MPa and 0.23 MPa, respectively. In another study, Hou et al. [26] related compressive moduli to the porosities of the scaffolds according to the power law relationship (Eq. (2)) and found that n -2.42 best fit their data. However, in their study, E 0 for PDLLA was 296.5 MPa, which appears low. The effect of incorporating Bioglass® into the PDLLA porous structure and the ability of Eq. (2) to predict the mechanical anisotropy of composite foams was assessed by calculating n values based on the experimental data, and maintaining a value C = 1, as was known from SEM observations (Fig. 3) that addition of Bioglass® did not substantially change the general structure of the foams. Two approaches were undertaken, firstly; the rule of mixtures (ROM) was used to determine the effective modulus of non-porous composite systems with 2 and 15 vol.% Bioglass®, and the Gibson and Ashby model (Eq. (2)) was applied by using the measured P values (given in Table 1 ) to derive n values. The rule of mixtures is defined by Eq. (3):
where E c , E f and E m are the compressive moduli of the non-porous composite, 45S5 Bioglass® (quoted in the literature as 35 GPa [27] ) and PDLLA matrix (measured in this study as 1.97 GPa), respectively, and V f and V m are the volume fractions of Bioglass® and PDLLA in the composite foams, respectively. The second approach used the Ishai-Cohen model [22] to quantify the effect of Bioglass® acting as reinforcement within the PDLLA matrix. This equation has been used elsewhere for particulate filled porous foams [10] . The Ishai-Cohen model equation [22] can be written as Eq. (4): where m is the ratio of glass to polymer modulus By using Eqs. (3) and (4), the modulus of the porous material is calculated by substituting E c for E 0 in Eq. (2) and the resultant n values obtained in this study are shown in Table 4 . These values are consistent with the data presented in the literature on the modulus of porous materials [23] . It is clear that the inclusion of Bioglass® particles has only a limited effect on the n value, as the calculated n value for samples with 0, 2 and 15 vol.% Bioglass® have a coefficient of variation of 2.4% and 4.9% when considering axial and transversal loading, respectively, by using the Ishai-Cohen model for the composite foams. There is a difference however in n values between the axial and transverse results, with n values being consistently higher for the transverse condition, indicating anisotropy in elastic properties due to the preferred orientation of the tubular macro-pores present in the foams. This suggests that the porosity structure was only slightly affected by the incorporation of Bioglass®, which is in agreement with previous work on similar TIPS produced composite foams [2] . In contrast, the large differences in n values found where ROM was used to determine the compressive modulus of the composite scaffolds indicate that the rule of mixtures is not suitable in the present case. The Ishai-Cohen model is suggested for future use in the calculation of elastic modulus of such highly porous foam scaffolds.
The highly porous composite foams developed in this study have potential applications as scaffolds for the engineering of bone, in particular as bone-filling materials for critically sized defects. The bioactivity, degradation behaviour and porous architecture versus mechanical properties of the composites can be tailored thorough composition and by changing the TIPS processing parameters. Bone is anisotropic in nature and its properties depend on the anatomical site and density and on the structural differences between cortical and trabecular bone. The cell size in suspension dictates the minimum pore size required e.g., pore sizes 40-100 µm are necessary for osteoid ingrowth [28] . In regenerating tissues greater than a few millimetres cubic volume a capillary network becomes necessary for gas exchange, provision of nutrients and elimination of waste products for the survival of a large mass of cells. This necessitates the use of optimal bioreactors [29] ; depending on the size of the defect the matrix may require seeding with exogenous cells and to be cultured in vitro prior to implantation. There are also trade-offs between mechanical properties and porosity of scaffolds, as opposed to load bearing structures. Highly porous scaffolds may be regarded as temporary mechanical supports for the cells, possessing sufficient mechanical integrity to support itself in early development and to enable surgical application and manipulation, and resist the forces of wound contraction without damage to the pore structure. Although the pore structure of TIPS produced scaffolds can be tailored to the implant site, their poor mechanical properties make them unsuitable for load bearing applications and additional mechanical support must be provided. Furthermore the results presented in this study represent the mechanical properties of the composites while in the as prepared "dry" state. However, while implanted or in cell culture, it is expected that these properties will change as a consequence of wetting due to the plasticizing effect of water absorbed into the polymers [6] . Therefore further work is being conducted to assess quantitatively the effect of wetting in the short term, as well as the long-term effect of in vitro degradation in simulated body fluid effect on the mechanical, thermal and viscoelastic properties response of these systems 
Conclusions
Highly porous PDLLA/Bioglass® composite foams produced by TIPS present anisotropic bi-modal pore architectures with some through thickness variation in pore morphology and density. However the majority of the foam structure is homogenous with continuous tubular macro-pores interconnected by a micro-porous network. There is mechanical anisotropy, which is concomitant with the direction of the tubular macro-pores. At the high porosities of the present foams (>93%) and relatively low volume fractions of Bioglass® (<15 vol.%), there is only a slight trend to stiffening in the composites in comparison with pure PDLLA foams. DMA indicated a glass transition temperature of ~55 °C.
The compressive modulus of the composite foams can be predicted by an approach based on the combination of the Ishai-Cohen and Gibson-Ashby models. The modulus-density relationship of these complex foams is related by a power-law function with exponent between 2 and 3.
